MICHIGAN  STATE  UNIV  EAST  LANSlNS  OEPT  OF  MECHANICAL  —ETC  F/6  20/4 
AN  EXPERIMENTAL  STUDY  OF  TURBULENCE  PRODUCTION  MECHANISMS  IN  00— ETC(U) 
MAR  81  R  E  FALCO  AFOSR«7a-3703 

AFOSR“Tft-81-0636  NL 


UNCLASSIFIED 


A102900 


SFCuOITv  CLA^Mli'  ^IIONO*  T  uio  P  AOC  FHlirn  Flnm  Fiirrir  . 


(^;report  documentation  page 


3  age  IvKAI)  INST  kUC  rif)NS 

_  _ HKK>Ki:  rOMI’l.l  TlNr,  FOKM 

2.  tOVT  ACCESSION  NO  ”5  RECIP(ENT-S  CATAtOG  NUMBER 


I  4 •  T I  T  1.  f  /And  5ubrMl«>j 


/^Jah  Kxnor mental  Study  of  Turbulence  Production\ 
I  Mochuniums  in  Boundary  Layer  Flows,  _ 

.irr;  ^ _ poff^K  /O 


/  AU  '  MOHf 


Robert  E..  Falco 


■•!*r  M  roWM'H  G  0*«G  *St  :  A  AsQ  ADDRESS 

M 1  ch  iqan  Jt.  j to  Un  L vo rn i ty 
East  Lansinq,  Michiqan  48824 


<1.  CONTBOCLINO  OFFICE  NAME  AND  ADDRESS 


AFOSR/NA 

Bolling  A.F.B.,  D.C.  20332 


^  TYBE  o*-we^ewT  A  neaio^  covered 

^  INTERIM 

^  Sopl— At  79  —  3^  SepJUSO^  / 

6  performing  orc  report  number 


OR  grant  ►dumber/*; 

/  AF(^SR-'78-3‘^3 


\l^uf 


,  12. ,  JLS 

13  NUMBER  OF  PAGES  ' - " 

_ ei_^: _ :: 

Int  Otiicc)  IS  security  CLASS  (ol  thit  rrporl) 


a  /I  ^  (  r.( 

ISa  declassification  downcraoino 
SCHEDULE 


'6.  Distribution  statement  ioI  ihii  H»poti) 


Approved  for  public  roleaso  { 
distribution  unlimitoAt 


Distribution  statement  (ot  (h««bsrrscf  enfered  in  Block  20,  if  diti  Brent  from  Report) 


*9  KEY  WOROS  fConiino*  on  rv»'«ra«  mde  It  neceBsnry  mnd  Identity  by  block  number) 

Turbulence,  production,  vortices,  transfer,  bursting 


abstract  /Con(/nu«  on  glUe  it  r^eceseery  ond  Identify  by  block  ntimber^ 


The  mechanism  of  turbulence  production  is  identified.  Simultaneous  flow 
visualization  and  hot-wire  anemometry  have  been  used.  A  now  scaling  of  the 
burst  rate  has  been  found. 


I  JAN  T1  1473  coition  OF  1  NOV  «s  IS  obsolete 


UNCLASSIFIED 


security  classification  of  This  rage  fl«<.»  OtiA  Enl.,ArfJ 

^  /  XZoi  I 


AFOSR-TR.  8  i  -  0  6  3  6 

"AN  C.XPERIMENTAL  STUDY  OF  TURBULENCE  PRODUCTION  MECHANISMS 
IN  BOUNDARY  LAYER  FLOWS" 

October  1,  1979  to  September  30,  1980 
R.E.  Falco 

Departmentof  Mechanical  Engineering 
Michigan  State  University 
East  Lansing,  MI  48824 

SUMMARY  OF  PROGRESS 

We  tiave  achieved  a  number  of  our  proposed  goals,  which  are  reiterated 

be  1 ow. 

1.  To  develop  a  state  of  the  art  digital  data  acquisition  system  which 
can  simultaneously  digitize  16  channels  of  data  and  a  timing  signal 
rrom  simultaneous  high  speed  movies. 

2.  Develop  vi sua 1 i zatioh "fectmiques  which  give  us  three-dimensional 
information  about  the  coherent  motions  under  investigation,  and 
which  can  be  used  with  simultaneous  hot-wire  aneniometry. 

3.  Obtain  length  scales  of  the  pocket  flow  module  and  compare  them 
to  the  streaky  structure  scales  as  well  as  the  scales  of  the  vortex 
ring-like  Typical  Eddies  of  the  outer  region. 

4.  Determine  whether  the  pocket  flow  modules  (which  previously  had 
been  observed  to  create  the  largest  transfer  of  any  event  in  the 
wall  region)  occurred  as  frequently  as  the  bursts  found  by  Kline 
and  others. 

5.  Determine  whether  the  passage  of  a  pocket  flow  module  resulted  in 
the  hot-wire  information  found  by  other  investigators  to  be  charac¬ 
teristic  of  the  bursting  process. 
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6.  To  obtain  simultaneous  visual  and  hot-wire  information  about  the  ■ 

'•'Vo.,  ‘/f 

interaction  of  the  outer  region  with  the  wall  which  produces  the  -  ^  ’-v? 


pocket  flow  modules.  /  n  ''"- 

r 

7.  To  determine  the  accuracy  of  the  vortex  ring/wall  interaction / 

model  of  the  pocket  flow  module.  *' < 
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We  have  met  goals  1-5,  although  as  of  September  30,  our  data 
acquisition  system  was  not  operating  due  to  an  unfortunate  accident.  j 

Information  obtained  during  this  year  has  indicated  that  goals  6  and  7 
will  require  more  study.  Figures  1  through  7  as  well  as  AIAA  Paper 
80-1356  summarize  the  results  obtained. 

Figure  1  shows  the  rate  of  occurrence  of  pockets  compared  to  the 
burst  rate  found  in  the  Stanford  studies.  Both  the  overall  frequency 
of  occurrence  of  pockets,  and  the  frequency  of  occurrence  of  pockets 
during  their  ejection  phase,  is  shown.  We  see  that  the  correspondence 
between  the  occurrence  of  pockets  ejecting  sublayer  fluid  and  the  ejections 
found  in  the  Stanford  studies  is  excellent.  Furthermore,  we  see  that 
pockets  are  observed  approximately  four  times  as  often,  thus  three  out 
of  four  times  that  pockets  pass  our  measurement  station  they  are  not 
in  their  ejection  phase.  The  data  has  been  sco.cd  using  wall  layer  vari¬ 
ables,  which  remove  the  Reynolds  number  dependence  significantly  better 
than  outer  layer  variables.  This  suggests  that  the  large  scale  motions 
(proportional  to  the  boundary  layer  thickness)  which  scale  on  and 
delta,  do  not  control  the  bursting  process  as  had  been  previously  thought. 

Figure  2  shows  the  ratio  of  the  pocket  flow  module  cross-stream 
dimension  to  the  streaky  structure  (Stanford  studies  and  others)  spacing, 
both  measured  in  our  wind  tunnel  over  approxitogtaly-^t  Reynolds 
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number.  We  see  that  the  pockets  scale  exactly  as  the  overall  streaky 
structure.  This  reinforced  our  earlier  observation  (Falco,  Sixth 
Biennial  Symposium  on  Turbulence,  Rolla,  1979),  that  the  streaky 
structure  was  the  result  of  pockets  forming  both  singly  and  in  groups. 

Figure  3  shows  the  ratio  of  the  vortex  ring-like  Typical  Eddies, 
which  form  away  from  the  wall,  to  the  overall  streaky  structure  spacing. 

We  can  only  conveniently  measure  the  streamwise  and  normal  Typical  Eddy 
scales,  but  the  spanwise  scale  falls  in  between  these  two.  We  can  again 
see  that  there  is  a  remarkable  correspondence  in  scales,  especially 
considering  that  the  measurements  extend  over  a  decade  of  Reynolds  number. 
This  suggests  that  Typical  Eddies  might  very  well  be  associated  with 
the  formation  of  pockets,  and  therefore  with  the  streaky  structure. 

Figure  4  shows  that  the  Typical  Eddies  are  approximately  equal  in 
size  to  the  Taylor  microscale.  Thus  we  see  that  if  Typical  Eddies  are 
producing  the  pockets,  the  pockets  are  produced  by  microscale  motions, 
not  the  large  eddies  of  the  boundary  layer.  This  possibility  is  con¬ 
sistent  with  the  scaling  found  for  the  time  between  pockets  (figure  1). 

Goal  number  5  has  been  attained  as  described  in  AIAA  Paper  80-1356 
(enclosed).  In  summary,  we  have  found  that  the  pocket  flow  module  evolves 
through  a  series  of  five  stages.  Each  of  these  stages  exhibits  an  event 
which  has  been  the  subject  of  study  of  other  investigators.  Thus,  strong 
sweeps,  streamwise  lift-up  and  oscillation,  the  formation  of  sharp  shear 
layers,  ejection  and  breakup  events  are  all  part  of  the  pocket  flow  module's 
evolution! 

Figure  5  shows  a  comparison  of  the  data  from  the  Blackwelder  and 
Kaplan's  burst  detection  scheme  and  the  <uv>  signatures  from  the  pockets 
during  stages  three  and  four.  Considering  that  the  techniques  of  condi- 
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tional  sampling  are  entirely  different,  the  correspondence  is  quite 
good.  It  suggests  that  their  "vita"  technique  picks  up  the  sharp  shear 
layer  that  forms  during  stages  three  and  four  of  the  pocket  evolution. 

If  this  is  true,  then  their  explanation  of  the  origin  of  the  ejection 
as  due  to  this  shear  layer  becoming  unstable  would  not  be  correct,  since 
we  are  in  the  middle  of  the  pocket  flow  module  evolution.  Furthermore, 
it  is  clear  from  figure  4  of  the  AIAA  paper,  that  although  some  of  the 
Reynolds  stress  is  detected  by  the  "vita"  technique,  a  large  fraction 
is  not. 

Figure  6  shows  a  photo  of  a  vortex  ring-like  Typical  Eddy  approachina 
the  wall.  The  top  of  the  ring  is  approximately  100  y^.  Flow  is  from 
right  to  left.  We  are  currently  attempting  to  obtain  laser  sheet  side 
views  of  this  quality  with  simultaneous  plan  views  showing  the  pocket 
patterns  (see  figure  1  of  the  AIAA  paper),  along  with  four  or  possibly 
eight  wire  probes  to  allow  us  to  determine  the  nature  of  the  interaction 
of  naturally  created  vortex  rings  with  the  wall  layer  flow  in  the  fully 
turbulent  boundary  layer.  To  help  us  understand,  and  to  make  us  aware  to 
look  for  details  of  this  interaction,  we  are  concurrently  studying  the 
interaction  of  an  artificially  generated  vortex  ring  with  a  wall.  This 
model  flow  field  not  only  exhibits  all  of  the  features  discussed  above, 
but  in  addition  explicitly  shows  the  role  of  vortices  in  the  formation 
of  the  pocket  pattern,  in  the  streamwise  lift-up  of  wall  layer  fluid, 
and  in  the  ejection  of  fluid  from  the  downstream  portion  of  the  pocket. 

We  hope  to  be  able  to  examine  the  detailed  role  that  vortices  play  in 
the  evolution  of  the  pockets  found  in  real  turbulent  boundary  layers 
in  the  near  future. 
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Abstract 

Slouitaneoua  visual  and  hot-wire 
aneaooeter  measureoents  of  the  flow  in  the 
wail  region  of  turbulent  boundary  layers 
nave  revealed  a  close  connection  between 
local  repetitive  visual  patterns  seen  in 
tne  sublayer  In  plan  view;  wallward  aovlng 
nigh  speed  fluid  (  sweeps  ),  and  ejections 
o!  sublayer  fluid,  seen  in  side  views;  and 
periods  of  important  perturoat ions  in  the 
variables  u,  v,  uv,  du/dy,  ou/dx,  and  dv/dx 
near  the  region  of  maxioua  turbulence 
production.  Our  Interpretation  of  tne  data 
indicates  that  tne  turbulence  production 
process  is  Initiated  when  a 
tnree-dlmensional  vortical  sweep,  of  scale 
tne  01100)  wall  layer  units.  Interacts  with 
tne  wall,  and  that  it  Is  completely 
oescrioaole  in  terms  of  tne  evolution  of 
tne  resulting  three-dimensional  vortical 
sweep/wall  Interaction.  It  la  shown  that 
tnls  (low  module  contains  the  features  of 
tne  turbulence  production  mechanism  that 
nave  oeen  observed  by  many  investigators. 

1  .  Introduct Ion 

Jne  search  for  mechanisms  responsible 
lor  tne  production  of  turbulence  near  a 
wall  nas  resulted  in  a  large  number  of 
semi-empirical  models,  borne  of  these 
explicitly  model  the  longer  time  scale 
events,  and  Infer  that  rapid  breakdown  of 
tne  wall  region  flow  will  ensue  as  a  result 
of  tne  modifications  these  motions  make  to 
the  mean  velocity  profile,  while  others  are 
principally  concerned  with  detailing  the 
period  during  which  tne  rapid  changes 
occur,  nodels  of  the  first  kind  have  been 
put  forth  oy  Townsend,)  bakewell  and 
Lumley,^  Lee,  bckelman  and  Hanratty,3  and 
others,  ihese  consist  principally  of 
streamwlse  orientated  vortices  which  are 
attacned  to  tne  wall.  From  space-time 
correlation  measurements,  Bakewell  and 
Lumiey  found  little  fall-off  of  the 
correlation  of  streamwlse  velocity  (  u  ) 
over  to  viscous  lengths,  suggesting  that 
me  vortices  are  well  correlated  over  this 
lengtn.  borne  authors  have  hypothesized  that 
tne  vortices  extend  tne  order  of  x*  r  1000 
(  X*  =  xu“/V  ),  which  corresponds  to 
tne  order  of  tne  longest  streaks  found  in 
wall  region  visualizations.  Necent  probe 
.neasurements  of  Blackwelder  and  tckelmann'* 
nave  confirmed  the  existence  of  streamwlse 
vortlclty  in  tne  sublayer,  and  suggest  that 
It  occurs  in  counterrotating  vortex  pairs, 
but  they  were  unable  to  measure  the  lengtn 
of  tne  vortices. 

nodels  wnlcn  are  concerned  with  the 
details  of  tne  rapid  breakdown  of  sublayer 
fluid  documented  by  Kline,  and  co-workers 


at  btanforo  uni  vers  ity  ,  ^  f  *>  • •  *>  Corino  and 
BrodKey,)f  urass,’^  and  others,  nave 
nypotnesized  many  different  mechanisms  to 
describe  tne  events.  Ineae  Include 
Instability  of  the  Instantaneously 
Inflected  velocity  prof i le , ^ ^ ^ ^ 
separation  of  the  wall  layers  resulting 
from  local  adverse  pressure  gradients, ** 
lormation  of  sharp  shear  layers  which 
become  unstable.  inflows  and 
continuity , )3 , 1 V  wave  focusing,'^  vortex 
Induced  lift-up  of  wall  layer 
f  iuld ,  ) ^  ^ ^ ^ ^  vortex-wall 
instabilities and  vortex  ring/wall 
interactions . ‘ ' 


it  is  possible,  by  ignoring  the  many 
detailed  differences  xn  these  models,  to 
classify  them  as  models  wnich  start  with 
concentrated  vortlcity,  and  describe  tne 
results  of  stretching  of  this  vorticity  on 
the  wall  region  flow,  or  models  which  start 
with  tne  formation  of  a  Shear  layer  in  the 
wall  region,  the  breakdown  of  which  results 
In  the  ejection  of  fluid  into  the  outer 
region.  An  exception  is  the  model  of  Ref. 
Ik,  Which  relies  solely  upon  continuity. 

bounds  on  the  time  scales,  and  a 
pretty  accurate  estimate  of  the  velocity 
scale  of  tne  wall  region  events  nave  been 
establisned.  Practically  all  of  the 
interesting  events  in  the  wall  layers  take 
place  in  t*  i  of  less  than  jO , 

and  that  within  this  period,  nigh  shear 
layers  develop,  intense  uv  contributions 
due  to  nigh  speed  fluid  moving  towards  the 
wall  occur  (sweeps),  as  well  as  Intense  uv 
contributions  due  to  fluid  moving  away  from 
tne  wall  (ejections),  and  pressure  peaks  of 
both  positive  and  negative  sign, 
rurthermore,  both  space-time  correlation 
estimates  and  measurements  of  the  passage 
of  either  a  visual  Impression  (  such  as  a 
pocket  ),  or  a  pressure  pulse.  Indicate 
tnat  tne  convection  velocity  is 
approximately  . bU^,  .  An  important  point  (or 
both  of  these  quantities  is  that  there  does 
not  appear  to  be  a  significant  heynolds 
number  dependence.  Thus  it  is  possible  to 
convert  from  time  scales  to  lengtn  scales 
(or  tne  purposes  of  comparison,  with 
relative  confidence. 


Ine  forgoing  information  suggests  that 
visualization  of  tne  wall  region  should 
reveal  disturbances  with  a  length  scale  the 
order  of  1*  =  (,t  ♦ )  ^'c/u*^ 

bursts,  or  sweeps,  or  low  pressure  pulses, 
or  nlgn  shear  layers.  Combining  this  (act 
with  tne  spanwise  scale  of  wall  layer 
events  (  hef.  i,B,b  )  which  is 
approximately  z*  z  100,  it  Is  expected 
tnat  "local"  tnree-dlmensional  features 
will  mark  tne  bursting  process.  Falco^^ 
first  reported  visual  Indications  of  tne 
appearance  of  conerenl,  repetitive 
disturbances  of  this  scale  In  the  sublayer 
of  a  turbulent  boundary  layer,  which 
occurred  at  rando.z  positions  with  respect 
to  tne  longer  streaky  structure  (  see  Ref. 
0,0, 7,0  ).  Ihe  technique  used  was  to  fill 
tne  boundary  layer  with  oil  fog 
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contaalnanl,  inrn  allow  It  to  wash  out. 

a  sn«at  of  laser  llitnt  llluolnated  the 
reitlon  froa  j'-'t  to  )  <•  After  soae  tlae,  a 
condition  eilstcd  In  which,  on  average, 
there  wee  saoee  between  the  laser  sheet  and 
tne  wall,  but  clear  fluid  above.  During 
tnls  period  we  could  .see  regions  of  clear 
fluid  of  tne  scales  aent lonad  above  foralng 
m  the  light  snaat.  Because  of  their 
appearance  end  saall  scale,  we  called  the 
regions  “pocaete*.  It  hea  turned  out  that 
me  pocaet  patterns  are  acre  clearly  seen 
using  tne  flow  visualization  technique, 
used  eztenslvely  at  Stanford,  of  oozing 
aaraer  Into  tne  sublayer  through  a  silt  In 
me  wail.  Figure  1  shows  two  photos  of  the 
sublayer.  Ine  pocaet  patterns  are  clearly 
seen.  Tne  eiact  shape  depends  upon  the 
stage  of  evolution  of  tne  pockets  as 
discussed  below.  Tne  average  scale  of  these 
j;stterns  la  me  order  of  a*  t  100,  z*  1 
100  (  Falco*-®  ),  and  tnelr  average 
convection  velocity  la  approz Inately  the 
saea  as  reported  for  other  Indications  of 
isportant  wall  region  events.  Thus,  the 
pocket  pattern  appears  to  be  associated 
wltn  me  bursting  process,  it  was 
unexpected,  nowever,  to  llnd  that  pockets 
appeared  both  when  me  long  streaky 
structure  broke  up  t  Stanford  references  ), 
as  well  aa  in  between  tne  long  streaks. 

ke  Intend  to  snow  tnat  the  pocket 
pattern  Is.  in  fact,  the  footprint  of  the 
mroulence  production  process  tnat  has  been 
Identlfed  In  tne  above  oentloned 
Investigations,  and  mat  the  pocket  flow 
sodule  Incorporates  botn  the  sweep  and 
ejection  events  as  well  as  the  foraatlon  of 
an  Intense  shear  layer. 

11.  bxperlsental  Techniques 

tzperlaents  were  conducted  In  a 
continuously  running  boundary  layer  flow 
visualization  tunnel.  Tne  flow  was  oade 
visible  by  contaal na t 1 ng  It  with  tiny  oil 
droplets.  Tnls  carked  fluid  nas  been 
visualized  with  both  flood  lighting,  and 
laser  llgnt  wnlcn  was  expanded  Into  a 
Sheet.  Details  of  both  the  tunnel  and  flow 
visualization  technique  are  described  In 
hef.  2b-  for  the  present  experlaents,  two 
additional  tecnnlques  have  been  used  to 
visualize  tne  flow.  The  oil  fog  "wash  out" 
technique,  aentloned  In  the  Introduction, 

Is  a  technique  which  allows  a  quas I -un 1 f or» 
concentration  of  Barker  to  be  present  In 
the  wall  region  over  several  boundary  layer 
thicknesses,  wltnout  probleos  associated 
wltn  marker  Introduction.  This  was  used 
together  wltn  one  or  more  sheets  of  laser 
llgnt,  wnlcn  could  be  placed  where  desired. 
Ine  other  was  the  saoke  silt  technique.  A 
specially  designed  silt,  which  Introduced 
oil-fog  at  9  degrees  to  the  oncoming  flow, 
across  a  30  ca  line,  was  combined  with 
flood  light  1 1 1 uel na 1 1  on ,  to  obtain  an 
alternative  view  of  tne  pockets,  and  get 
better  Inforeatlon  about  llft-ups. 

hot-wires  were  placed  In  the  flow  In 
several  of  me  experiments.  Details  of  the 


probes,  calibration  techniques,  and  data 
acquisition,  are  described  In  Hef.  23  and 
25.  briefly,  tne  systea  allowed 
simultaneous  sampling  of  all  the  wires.  The 
most  used  probe  arrangement  consisted  of  k 
wires,  two  arranged  In  an  z  and  two 
parallel  to  each  other,  so  that  u,  v,  uv, 
and  du/dy  could  be  directly  obtained,  and 
du/dz  and  dv/dz  Inferred  using  a  local 
Taylor  hypothesis.  Combining  dv/dz  and 
du/dy,  u5f  was  obtained.  At  Rg  s  lObb,  the 
parallel  wires  and  tne  z-wlres  were 
separated  by  y*  >  3.b.  Additional  details 
are  given  later. 

Ill.  Results 

It  Is  Important  to  distinguish,  at  the 
outset,  the  difference  between  the  visual 
pocket  pattern  Imposed  on-the  marker  In  the 
wall  region,  and  the  signatures  resulting 
froa  the  flow  at  various  probe  positions 
within,  to  the  side  of,  and  above  the 
pattern.  If  we  assume  that  soae  flow  module 
Is  responsible  for  the  pocket  pattern  In 
the  wall  layers,  then  the  signals  and 
visual  pattern  must  show  a  strong 
correlation,  but  will  not.  In  general,  show 
a  one  to  one  correspondence.  Falco^"  nas 
found  that  In  the  case  of  pocket  patterns 
that  formed  within  a  laminar  boundary  layer 
tnat  was  perturbed  by  a  turbulent  wake,  tne 
hot-wire  signals  Indicated  the  occurrence 
of  significant  perturbations  both  within 
the  visually  defined  boundaries  of  tne 
pocket  pattern,  as  well  as  within 
approz imately  one  pocket  length  downstream 
of  the  pattern.  In  this  case,  botn  hot-wire 
and  visual  signals  Indicated  that  a  flow 
module  was  approaching  the  wall.  It 
produced  tne  pocket  pattern  as  well  as  tne 
perturbations  Just  downstream  of  tne  pocket 
pattern.  Based  upon  this  Inforaatlon,  we 
will  call  the  entire  sequence  of  events 
that  Is  associated  with  the  formation  and 
evolution  of  tne  visual  Impression,  and  of 
tne  not-wlre  signals  In  the  wall  region 
wnlcn  are  associated  with  the  pattern  the 
"pocket  flow  module*. 

It  Is  Important  to  determine  the  rate 
at  which  the  pocket  pattern  passed  a  flzed 
point,  and  to  compare  this  with  the 
measured  burst  rate  obtained  by  a  number  of 
Investigators.  In  order  to  compare 
information,  we  nad  to  count  pockets  that 
were  resulting  In  tne  llft-up  of  wall  layer 
fluid  as  tney  crossed  the  observation 
point.  From  our  experience  with  pockets  i 
see  hef.  23,2a},  we  new  tnat  tne  majority 
of  tne  llft-ups  occurred  after  the  pocket 
reached  Its  "fully  developed"  state.  Tnls 
stage  In  the  pocket  evolution  Is 
Characterized  by  the  development  of  a 
pointed  appearance  of  Its  upstream  boundary 
(  details  are  given  below  ).  Counting  only 
fully  developed  pockets,  tne  number  of 
pockets  per  second,  non -d 1  mens  1 ona 1 1  zed  by 
the  free  stream  velocity  and  the  boundary 
layer  thickness  at  Rg  »  1355,  Is 
approximately  5.  fable  1  compares  this 
value  with  others  found  in  turbulent 
boundary  layers.  It  Is  concluded  that 
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pocicet  flow  sodulcs  must  be  associated  with 
me  bursting  process.  Furtnermore,  it  la 
worth  noting  that  if  pockets  were  counted 
without  regard  to  tnelr  stage  of  evolution, 
me  rate  at  occurrence  increases 
conslderaolir . 

Inspection  of  me  combined 
simultaneous  visuaiiied  wall  layer  flow  and 
not-wlre  measurements,  nave  shown  a  high 
correlation  between  me  evolution  of  the 
pockets  In  which  there  Is  a  rapid  evolution 
of  the  marker,  and  the  periods  of  high 
Instantaneous  Heynolds  stress,  nigh  shear 
and/or  vortlclty.  'he  picture  Is,  however, 
complicated,  due  to  the  rapid  evolution  and 
Change  in  me  phasing  of  these  quantities. 
It  nas  been  found  that  all  four  of  the 
possible  motions  that  can  contribute  to 
neynolds  stress  are  associated  with  the 
pocket  flow  module  at  different  times  in 
Its  evolution.  These  four  events  have  been 
called  ejections  (  u(-],  v(*)),  sweeps  ( 
u(*),  Vi-)),  Inward  interactions  (  u(«), 
v(-)),  and  outward  Interactions  (  u(»), 
v(»)),  see  Wallace  et  al.‘^'>  It  la  thus 
necessary  to  eiamlne  signatures  at  specific 
times  after  formation  of  a  pocket  pattern 
to  uncover  the  fact  mat  a  highly  coherent 
evolution  taaes  place,  .“lea  sure  me  n  t  s  of  the 
lifetimes  of  pockets  nave  shown  that  they 
persist  for  the  order  of  t*  s  jO .  however, 
they  evolve  continually  over  this  time 
period,  skperience  has  snown  that  the 
signal  response  can  cnange  slgnflcantly  In 
t»  1  «,  wnicn  Is  snort  compared  to  the 
time  of  passage  of  the  pocket  flow  module 
over  a  wire,  wnicn  depending  upon  the  stage 
of  evolution,  ranges  from  t*  i  10-30,  This 
fact,  combined  with  the  difficulty  in 
determining  the  moment  of  formation  of  a 
pocket,  has  made  the  process  of 
accumulating  ensemble  averages  of  the 
pocket  Signatures  at  various  representative 
Intervals  In  the  evolution  of  the  flow 
module  a  prolonged  task.  Thus,  the  results 
presented  herein  will  be  qualitatively 
representative  of  the  evolution.  Work  la  in 
progress  to  more  accurately  measure  pocket 
Inception  and  to  build  sufficiently  large 
ensembles,  however,  the  nature  of  the 
turbulence  production  aecnanlsm  can  be 
clearly  shown  with  the  present  Information. 

Fig.  2  shows  simultaneous  records  of 
uv,  du/dx,  dv/dx,  du/dy,  v,  and  u,  for  b 
boundary  layer  thicknesses.  The  boundary 
layer  conditions  are:  i  1060,  u*  z.lol 

ft/sec  delta  :  b  In,  y*  3  16.  We  can  see 
tnat  tnere  are  two  regions  where 
significant  uv  contributions  occur.  If  we 
compare  the  signals  with  the  long  time 
average  value  of  uv,  -.Oik  ft**2/sec.  We 
nave  Inspected  records  such  as  these 
covering  207  delta.  From  this  sample  we 
confirmed  tnat  these  peaks  are 
representative  of  Instances  of  large  uv. 
Iney  are  respectively  6,0  and  10  times  the 
average  uv.  Tne  recent  work  of  Comte-Bellot 
et  al.^'f  also  suggests  that  these  peaks 
are  slgnflcantly  higher  than  their  quadrant 
breakdown  descr 1 m 1 na t  i on  technique 
requires.  Our  simultaneous  visual 


measurements  nave  snown  that  both  of  these 
peaks  have  resulted  from  tne  passage  of 
pockets.  Tne  time  for  passage  of  the 
earlier  evolving  pocket  flow  module  was  t* 
z  kj,  while  the  later  pocket  required  t*  * 
kb  to  pass  over  the  wire.  These  times  are 
Indicated  by  vertical  dotted  lines  In  the 
figure.  Although  both  signatures  resulted 
from  the  passage  of  pockets,  they  are 
significantly  different  In  content.  The 
earlier  signature  contributes  It  largest  uv 
as  the  result  of  upward  moving  low  speed 
fluid,  l.e.  An  ejection,  whereas  the  later 
signal  contributes  Its  largest  uv  due  to 
wallward  moving  high  speed  fluid,  l.e.,  a 
sweep.  The  age  of  tne  two  pockets  was  t*  s 
1b  and  t*  *  12  respectively.  Inspection  of 
tne  remainder  of  tne  data  record  revealed 
tnat  a  very  high  correlation  existed 
between  significant  perturbations  In  the 
uv,  du/dx  and  dv/dx  and  du/dy  signals,  and 
the  passage  of  the  visual  pocket  pattern. 
Dlgnals  such  as  those  In  Fig.  2  suggested 
tnat  the  signatures  were  evolving  In  a 
conslstant  manner  as  the  pocket  evolved, 
and  that  the  evolution  Involved  creation  of 
both  ejections  and  sweeps  as  well  as  the 
other  Interactions  and  tne  formation  of 
Intense  shear  layers. 

An  example  of  the  strong 
correspondence  between  the  pocket  and  the 
signal  perturbations  Is  exemplified  by  the 
velocity  gradient  du/dy.  The  number  of 
du/dy  peaks  which  were  greater  tnan 
2<du/dy>  was  first  found.  Tnere  were  k?  of 
them.  Then  the  movies  were  examined  to 
determine  what  percentage  of  these  peaks 
was  attributable  to  pockets.  It  was  found 
that  kb  were,  an  astonishing  96  per  cent, 
be  then  determined  the  age  of  tne  pockets 
that  were  associated  with  the  high  peaks. 
Tne  result  Is  shown  In  Fig.  3.  It  can  be 
seen  that  pockets  had  to  be  at  least  t*  s 
6  old  before  being  able  to  produce  a  shear 
layer  of  tnls  magnitude,  and  that  pockets 
older  than  about  t*  r  30  rarely  contained 
such  a  high  shear  layer.  The  average  age  of 
pockets  contributing  du/dy  >  2  <du/dy>  was 
t'*'  3  I0.  Vortlclty  peaks  at  2<du/dy>  were 

of  duration  r  j  with  a  standard 

cevlatlon  of  t*  s  1.7.  Pockets  which  were 
younger  than  t*  zb  were  found  to  exhibit 
a  different  du/dy  signature.  In  general 
they  were  associated  with  values  of  du/dy 
which  were  lower  than  the  mean  value. 

Further  progress  In  understanding  the 
pocket  evolution  requires  a  breakdown  of 
tne  evolution  Into  stages,  each 
characterized  by  the  dominance  of  one  of 
tne  heynolds  stress  producing  events.  Tne 
data  Indicated  tnat  It  was  possible  to  come 
close  to  achieving  this  goal,  by  Identlflng 
five  stages  in  tne  evolution  of  the  pocket 
flow  module.  We  will  now  discuss  these  five 
stages  paying  special  attention  to  tne  uv, 
du/dy,  and  u  signatures,  and  the  visual 
impression  of  tne  pocket  from  Its 
Inception.  Fig.  k  snows  these  three 
signatures  and  tne  visualized  pocket 
pattern  for  eacn  of  tne  five  stages.  Tne 
stages  differ  somewhat  In  duration.  Stages 
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one  throui;n  t  nree  nav#  a  duration  of 
»pproi  i»«tely  t*  i  o.  four  had  a 

duration  of  t*  >  1^,  and  stage  five  was 

appro ( 1 aa t e 1 T  tne  saae  duration.  There  uaa 
an  overlap  of  ap  pro  a  1  sa  t  e  ly  t*  <  i)  froa 
the  aeasured  tlae  of  pocket  pattern 
foraatlon,  to  a  given  stage.  The  variation 
in  tne  signals,  the  fact  that  rapid 
evolution  occurs  In  t*  :  k,  and  the 
uncertainty  of  the  inception  Instant  all 
coaOlned  to  llalt  uur  resolution.  It  should 
De  noted  that  tne  data  uaa  digitized  at  a 
rate  of  10  points  per  t».  so  that  the 
resolution  prooleas  uere  confined  to  the 
visual  zea s u re ae n t s .  The  signatures  are 
-eyeoall*  ensei&le  averages  of  the  signals 
froa  10,  7,  0,  ')  and  17  occurrences  of 
stages  one  inrcugn  five  r e s pec t 1 ve ly . 
because  of  tne  considerable  coherence  of 
tne  evolution,  tne  qualitative  features  of 
tne  stages  arc  adequately  represented  by 
saeples  of  tnls  size.  An  atteapt  has  been 
aade  to  Indicate  approiloata 
non-d  1  aena  1  or.a  1  aagnltudas  of  the  signals 
»nd  to  draw  the  teaporal  eztent  so  as  to 
approi  laate 1 y  scale  with  the  visual 
ixpresslon.  In  all  cases,  only  pockets 
unicn  essentially  centered  theaselves  along 
tne  probe  path  uere  used.  This  criteria  uas 
applied  loosely,  because  of  tne  oblvous 
difficulties,  but  enough  observations  of 
pockets  In  tne  relevant  stages  which  were 
not  very  well  centered  were  aade  to  add 
qjalltatlve  confidence  to  the  discussion 
wh  Icn  fol  lows . 

be  begin  with  stage  one,  which 
includes  pockets  that  intersect  the  wire 
anywhere  1 roa  tnelr  Inception,  to  t*  :  d 
afterwards.  Tne  visual  lapresslon  In  either 
tne  laser  sneet  lllualnated  buffer  layer, 
or  In  the  sneet  of  aarwer  oozed  out  of  a 
slit  In  tne  wall,  is  of  a  roundish  hole 
oelng  created  In  tne  saoke>aarked  wall 
region.  It  appears  as  If  tne  marker  has 
oeen  pushed  out  of  tne  way  oy  a  wallward 
moving  disturbance.  The  streaowlse  velocity 
Is  High  over  tne  entire  hole,  and  the  uv 
signal  la  the  order  of  10<uv>.  The  highest 
uv  signals  of  tne  entire  record  were  found 
during  this  stage  of  evolution  of  the 
pocket  flow  module.  Tne  shear  du/dy  Is  less 
than  the  long  time  average.  Inus  we  can 
conclude  tnat  pockets  are  formed  by  sweeps 
wnlen  come  to  tne  wall.  It  Is  worth 
remarking  that  we  would  not  In  general 
expect  tne  low  value  of  du/dy,  since  both 
tne  flow  models  of  hef.  W  and  Ref.  13 
suggest  tnat  Incoming  nigh  speed  fluid 
results  In  a  nigh  shear  at  Its  interface  as 
It  approaches  the  wall.  Furthermore,  In 
only  1  out  of  tne  1b  stage  one  pocket 
events,  was  du/dx  significant.  Taken 
together,  tne  absence  of  both  of  these 
shears  argues  against  the  hypothesis  'hat 
Incoming  nlgner  speed  fluid  results  In  an 
intense,  sharp  shear  layer,  he  will  return 
to  this  point  later. 

btage  two  Is  characterized  by  the 
formation  of  the  characteristic  crescent 
shape  (  see  Fig.  k  ),  between  t*  :  k  and 
t*  X  M.  flow  visualization  at  this  stage 


Indicates  the  llft-up  of  sublayer  fluid  mid 
Its  rotation  about  a  vortex  which  Is 
apparently  formed  or  amplified  along  the 
boundary  of  tne  crescent  shaped  pocket  ( 
Falco^^  ).  Both  laser  sheet  visualization 
and  sublayer  slit  visualization  (using 
flood  lighting)  show  this  llft-up  of 
sublayer  fluid,  and  its  rapid  return  back 
to  the  wall.  This  rotation  has  the  same 
sign  as  the  vortlclty  of  tne  mean  flow  at 
the  upstream  end  of  tne  pocket.  The  vortex 
however,  follows  tne  contours  of  tne 
crescent,  and  thus  has  a  streamwlse 
orientated  portion.  The  streamwlse  velocity 
signal  during  this  stage  continues  to 
Indicate  that  high  speed  fluid  is  In  tne 
pocket.  The  uv  signal  remains  strongly 
negative.  Indicating  the  continued  presence 
of  tne  sweep,  however,  a  dramatic  change 
has  occurred  in  the  du/dy" signal .  It  has 
become  strongly  positive  near  the  upstream 
end  of  the  pocket  patt.ern.  This  result 
supports  the  visual  observations  mentioned 
above  (  also  see  Hef.  i'i  ),  that  a  vortex 
has  formed,  or  that  vortlclty  has  been 
amplified  along  the  pocket  boundary. 
Furthermore,  du/dx  remains  small. 

Indicating  that  tne  flow  within  tne  pocket 
Is  not  an  inclined  shear  layer.  This  gives 
additional  support  to  tne  picture  of  a 
vortex  at  the  boundary. 

Stage  three  occurs  In  pockets  that  are 
between  t*  =  b  and  1b  old.  Tne  pocket 
pattern  becomes  pointed  at  Its  upstream 
end,  and  elongated.  Ine  lifting  up  of 
sublayer  fluid  continues,  but  Is  primarily 
observed  to  happen  along  the  sides  of  the 
pocket  as  Indicated  In  Fig.  k.  Tne 
streamwlse  velocity  perturbation  begins  to 
show  the  formation  of  a  region  of  low 
velocity  forming  a  little  bit  downstream  of 
tne  pocket  pattern,  however,  within  the 
boundaries  of  tne  pocket  hign  speed  fluid 
continues  to  move  towsrds  tne  wall 
maintaining  the  large  uv  contribution.  Tne 
uv  signature  shows  that  Just  downstream  of 
tne  pocket  pattern  an  ejection  Is 
developing.  At  the  downstream  boundary  uv 
Is  positive.  Indicating  the  high  speed 
fluid  Is  moving  away  from  the  wall  (  an 
outward  Interaction  ).  The  velocity 
gradient  du/dy  continues  to  change 
appreciably.  Just  downstream  of  tne  pocket 
pattern,  11  nas  become  significantly 
positive.  At  the  downstream  pocket 
boundary,  du/dy  has  become  significantly 
lower  than  the  .mean  shear,  upstrea.m,  within 
tne  boundary  of  tne  pocket  pattern  It 
remains  positive,  but  is  reduced  In 
magnitude  from  tne  values  It  had  in  stage 
two.  be  have  also  Inspected  dv/dx  at  this 
stage.  It  Is  In  general  .such  smaller  than 
du/dy,  and  only  oc cass Iona  1 ly  becomes 
significant.  During  stage  three,  however, 
dv/dx  snows  a  significant  bosltive  value 
during  the  time  du/cy  is  negative  (  lower 
than  me  mean  shear  ).  Inis  suggests  the 
presence  of  vortlclty  of  sign  opposite  to 
the  mean  vortlclty  of  tne  layer  Is  present 
at  the  downstream  boundary  of  tne  pocket  at 
this  stage. 
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r.'ar  ^ocura  when  ine  pocket  is 
Delxrrn  snj  .»  I*  jlj.  Ihe  visual 
tapression  ir. O'. catea  t  steepening  upstreaa 
portion  ano  apparent  rapid  aoveaents  toward 
me  oownatreaa  end,  wnicn  are  soaetlaes 
accoapanled  bv  vortices,  and  soaetlaes  by  a 
buildup  of  aaoae  near  the  front  of  ttie 
pucaet  pattern.  Indicating  a  acre  Intense 
and  concentrated  lifting  of  sublayer  fluid 
than  previously  ooaerved  at  the  upstreaa 
end  or  along  me  aides.  Visual  results 
using  two  sutually  ortnogonal  sheets  of 
laser  lignt,  .ne  In  me  tuffer  layer,  and 
one  perpendicular  to  me  flow,  have  shown 
mat  a  disrrete  vortei  Is  rapidly  lifted  up 
froa  tne  uall  region,  fig.  b  snows  this 
event  occurring.  The  top  half  of  the  photo 
snows  the  wall  ;eglon  structure.  One  of  the 
pjcaets  IS  ruug.'.  ly  centered  over  the 
vertical  light  sneet  which  produces  the 
.over  naif  tr.e  picture.  In  the  side  view 
I  lower  half  )  at  tne  dnwnstreaa  end  of  the 
pucaet  pattern,  we  see  a  vortex  which  Is 
sowing  away  froa  the  wall,  in  Indication  of 
fluid  rotating  In  the  opposite  direction 
isaedlately  ‘.enlnd  this  vortex  Is  also 
appwrent.  '.lie  streaswlse  velocity 
perturoat;  n  inows  tr. at  the  region  of 
velocity  irfrct  which  furaed  In  stage  three 
has  increased  in  Intensity,  wnlle  the 
region  of  velocity  eicess,  still  contained 
within  tne  poc»et  oounlary,  has  only 
slightly  Jialnisnej.  The  uv  signature,  on 
me  omer  rand,  indicates  that  the  region 
ct  defect  IS  .issoclated  with  a 
3 1 gn  1  f  i  ca nt  1  y  strenglnened  ejection.  At  the 
lownstreaa  poui.dary  of  me  pocket,  uv  Is 
positive;  'he  .jtwsrd  Interaction  continues 
at  aoout  tne  sasc  strength  as  it  had  during 
stage  three,  aimin  me  boundary  of  the 
pocket  Outline,  tne  sweep  also  continues, 
put  at  a  s  i  gn  1  ( i ca nt 1 y  reduced  intensity, 
wnicn  considering  me  fact  mat  the 
velocity  excess  Is  stilt  relatively  large, 
suggests  mat  the  nigh  speed  fluid  has 
oegun  to  cove  sore  parallel  to  the  wall  ( 
this  say  be  ti.e  cle.in3lng  sweep  noted  by 
Corlno  and  nrodaey  ).  Ine  velocity  gradient 
du/dy  continues  to  undergo  significant 
Changes.  Just  downstrejs  of  me  boundary  of 
tne  pocaet  pattern,  tr.e  gradient  Increases 
by  s  factor  of  tnree.  Tne  width  of  this 
peak,  me  largest  du/dy  magnitude  found  In 
the  boundary  layer  at  mis  level,  Is  the 
order  of  t*  v  3-  Tne  du/dy  peak  which 
foratrly  existed  within  the  pocket  pattern 
during  stage  three  and  earlier,  nas 
disappeared,  xiaalnatlon  of  the  gradient 
du/dx,  snows  mat  It  also  attains  Its 
aaxlaua  values  during  this  stage  of  the 
pocket's  evolution,  which  also  is  the 
laxlsuB  du/dx  found  In  the  boundary  layer 
at  y*  I  1b.  Tne  average  duration  of  this 
peak  about  its  zero  value  is  t*  i  6.7. 
oxaninatlun  of  dv/dx  Indicates  that  It  Is, 
on  average,  close  to  zero  at  tne  downstreaa 
boundary  of  me  pocaet  pattern,  unlike  the 
significant  positive  value  which  existed 
during  stage  tnree.  The  overall  tnpresslon 
Is  that,  at  stage  four  a  strong  shear  layer 
develops  at  tne  downstreaa  end  of  tne 
pocket  i.apression,  and  mat  strong  ejection 
of  suolayer  fluid  Is  occurring  laaediately 


downstrean  of  this  atiear  layer.  Tnls 
picture  nas  been  previously  arrived  at  by 
bckelaann  et  al  O  and  by  blackwe  1  der  ^  ' 

aa  now  see  where  It  fits  In  the  overall 
production  process  (  we  will  return  to 
these  coaparlsons  later  ). 

Stage  five  occurs  between  t*  s  20  and 
t*  s  30,  approxlaatcly .  By  this  tlae  the 
visual  iopresslon  of  tne  pocket  pattern  has 
becoae  distorted,  but  aoae  evidence  of  Its 
presence  Is  usually  detectable.  The 
lopression  of  Intensive  alxing  at  the 
downstreaa  end  is  soaetlaes  apparent  In 
experlaents  which  visualized  only  the 
sublayer  or  buffer  layer.  In  the 
experlaents  with  slaultaneous  plan  and  side 
views,  we  can  see  an  orderly  ejection, 
described  during  stage  four,  suddenly 
becoae  chaotic,  with  all  Indications  of 
vortices  and/or  any  other  sense  of 
coherence  d Issappearlng .  This  doesn't 
always  happen  during  the  ejection, 
boaetlnes  the  vortlcea  can  be  seen  to 
continue  further  out,  and  evolve 
substantially.  But  these  occurrences  were 
rarely  observed  coapared  to  those  which 
involved  breakup  between  y*  :  30-bO. 
Looking  at  the  signals, we  see  that  the 
streaowise  velocity  reaches  Its  alnlaua 
value,  and  Is  negative  both  downstreaa  and 
within  the  pocket  pattern.  The  high  speed 
region  within  the  boundary  of  the  pockets 
has  dissapeared.  Ihe  uv  signature  shows  an 
Intense  ejection,  l.e,,  me  order  of  7<uv> 
l  note  that  Ine  intensity  of  sweeps  In 
stages  one  tnrough  tnree  Is  a  little 
nlgner,  the  order  of  d-10<uv>  ).  These 
ejections  are  the  oost  Intense  observed  In 
the  entire  record.  In  b'i  per  cent  of  the 
ssaple,  a  saall  positive  uv  contribution 
was  noted  at  tne  end  of  me  ejection 
Interval,  wnicn  was  due  to  inward  aovlng 
fluid  of  tow  speed.  Ine  velocity  gradient 
du/dy  is  significantly  below  me  aean  shear 
of  me  layer  suggesting  mat  either  the 
ejecting  fluid  nas  fluctuating  vortlclty  of 
opposite  sign  froa  me  aean  vortlclty  of 
tne  layer  during  Its  breakup,  or  that  the 
breakup  results  In  a  well  alxed  region  of 
low  and  nlgn  speed  fluid.  Further 
Inspection  Indicated  tnat  near  the  upstreaa 
end  of  aany  of  tne  ejection  Intervals, 
du/dy  became  slightly  positive.  Tne 
gradient  du/dx  consistently  snowed  that  the 
fluid  first  accelerated  and  men 
decelerated  as  tne  ejection  passed  ever  me 
probe.  The  gradient  dv/dx  was  essentially 
zero  mrougnout  stage  five.  Tne  overall 
Impression  gained  froa  inls  stage  Is  that  a 
large  acale,  well  mixed  region  of  fluid  Is 
ejecting  sway  from  tne  wall  near  tne 
downstreaa  end  of  me  pocket  pattern,  the 
absence  of  significant  values  of  du/dx  or 
dv/dx  suggests  tne  "well  mixed" 
description,  as  does  the  negative  du/dy 
found  during  the  breakup.  Tne  negative 
fluctuating  du/dy  may  also  suggest  tnat  tne 
overall  breakup  motion  has  fluctuating 
vorllcily  of  opposite  sign  froo  that  of  tne 
mean  flow. 

IV,  e.cdel  of  iroductlon  Process 
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Ihe  sequence  of  events  described  above 
involved  all  of  me  four  Heynolds  stress 
producing  events;  sueeps,  ejections, 
outuard  Interactions  and  Inward 
I n t eract 1 ons .  It  oealns  with  nigh  speed 
fluid  aoving  towards  the  wall.  As  noted  by 
Ligntnill*-'®  wnetner  tnls  fluid  Is 
irrotatlonal  or  rotational  It  will  result 
in  tne  production  of  vortlolty  on  the  wall 
around  me  stagnation  point  It  craatea.  On 
me  downatreaa  side  of  tne  sweep,  this 
vortlclty  will  nave  tne  saaa  sign  as  the 
aean  vortlclty  of  tne  boundary  layer,  but 
on  tne  upstreaa  side  it  will  be  of  opposite 
sign.  As  this  newly  created  vortlclty 
passes  tne  probe  during  stage  one,  we 
snould  see  an  Increase  In  du/dy  due  to  It, 
Out  we  don't.  Instead,  we  nave  a  decrease 
In  du/dy.  This  can  nly  be  explained  If  the 
sweep  naa  vjrtlcltN  'jf  cpposlte  sign  from 
tne  aean  vorll.cliy  the  layer,  at  Its 
downstreaa  end.  If  tnls  vortlclty  was 
strong  enough  tr.a  net  effect  could  be  a 
decrease  In  du/dy.  Tnls  posalblllty  Is 
supported  by  tne  fact  tnat  du/dx  la  not 
significant  because,  taken  together,  the 
facts  indicate  that  tne  sweep  does  not 
appear  to  create  a  shear  layer  at  Its 
downstreaa  boundary. 

If  vortlclty  of  opposite  sign  exists 
at  me  front  of  me  sweep,  wnich  creates 
me  t  n  ree -a  1  ae  ns  l  one  1  pocket  pattern.  It  Is 
reesoneble  to  expect  that  these  vortex 
lines  close  upon  tnesse'.ves  at  the  upstreaa 
end  of  the  tnree-dlaenslonal  sweep.  The 
events  of  stage  two  support  this 
suggestion  enen  me  pocket  flow  nodule 
passes  during  stage  two.  we  find  a  sharp 
Increase  In  du/dy  near  me  upstreaa  end  of 
me  pocket  pattern,  and  visual  observations 
snow  tnat  sublayer  fluid  Is  Itfted-up  fron 
tne  wall,  rotates  around  a  vortex  core 
wnicn  has  me  saae  sign  as  the  aean 
vortlclty  of  the  layer,  and  returns  to  the 
wall.  This  la  the  sotlon  we  would  expect  If 
tne  sweep  were  a  vortex  ring.  It  Is  the 
opposite  of  wnat  we  would  expect  from  the 
vortlclty  generated  by  wallward  aoving 
Irrotatlonal  fluid  which  created  a 
stagnation  point  flow. 

however,  even  a  vortex  ring  aoving 
towards  tne  wall  creates  a  stagnation 
point,  and  generates  vortlclty  as  Indicated 
in  Aef.  tC.  In  us  at  me  upstreaa  end  of  the 
pocket  flow  nodule,  vortlclty  of  opposite 
sign  f roo  tnat  of  me  sean  vortlclty  of  the 
layer  Is  being  created.  Ine  fact  that  the 
net  vortlclty  snows  a  strong  Increase  above 
tne  mean  value  Indicates  that  the  wallward 
aoving  vortlclty  In  the  sweep  Is  being 
strongly  amplified.  Tnls  a ap 1 1 f 1 ca 1 1  on 
would  be  expected  If  a  vortex  ring 
approached  the  wall  navlng  vortlclty  of  the 
sign  we  nave  Just  Indicated  to  be 
censistant  with  tne  sweep,  because  the 
effect  of  tne  wall,  as  oodeled  by  tnvlscld 
theory,  would  be  to  stretch  the  ring,  thus 
amplifying  Its  vortlclty.  This 
amplification  of  vortlclty  In  the  sweep 
also  helps  us  under.svand  why,  during  stage 
one,  tne  vortlclty  In  tne  sweep,  which  was 


of  opposite  sign  froa  the  aean  vortlclty  of 
tne  layer,  doalnated  over  both  that 
produced  by  the  stagnation  point  flow  and 
tne  aean  flow  vortlclty. 

During  bom  stages  one  and  two.  It  was 
noted  that  du/dx  reailned  Insignificant, 
auggaatlng  that  an  Inclined  sneer  layer  was 
not  present  during  thase  tlaas.  however, 
during  stages  three  end  four  we  noted  that 
du/dx  Increased  significantly.  During  stag# 
four,  the  average  of  the  aaxlaua  values  of 
du/dx  la  30  per  cent  of  the  average  of  the 
aaxlaua  values  of  du/dy  (  both  aaxlauas 
occur  close  to  each  otner  ) .  During  stage 
three,  there  la  a  clear  Indication  of  an 
increase  of  vortlclty  of  tne  saae  sign  as 
the  mean  vortlclty  of  the  layer,  occurring 
at  the  downstreaa  end  of  the  pocket  flow 
aodule.  This  vortlclty  Is  presuaably  a 
redistribution  of  me  vortlclty  crested  by 
the  stagnation  point  flow  due  to  the  sweep, 
into  a  concentration  that  Is  significantly 
above  the  aean,  and  visually  appears  as  a 
vortex  In  aide  view  laser  visualizations. 
During  the  time  It  takes  the  pocket  pattern 
to  evolve  froa  stage  three  to  stage  four, 
the  flow  at  y*  s  lb  no  longer  appears  to 
be  due  to  discrete  vortices  near  the  front 
of  the  pocket,  but  Instead  appears  to  be 
represented  by  a  sharp  shear  layer. 
Visualizations  show  that  tne  vortices  still 
exist,  generally  until  stage  five,  but  have 
aoved  above  the  probe.  This  can  be  seen  In 
A  Ig .  S.  rresuatbly,  the  vortlclty  In  me 
downstreaa  portion  of  tne  sweep,  and  the 
vortlclty  created  by  me  sweep's 
Interaction  with  tne  wall,  have  induced 
eacn  other  to  move  upward.  The 
Juxtaposition  of  the  vortex  In  the  sweep 
which  consists  of  high  speed  fluid,  and  the 
vortex  created  as  a  result  of 
red  i  St rl Out  Ion  of  vortlclty  created  at  the 
wall  by  me  stagnation  flow  pattern,  which 
consists  of  low  speed  fluid,  results  In  the 
snarp  shear  layer.  As  we  go  froa  stage 
three  to  stage  four,  Fig.  a  also  Indicates 
that  the  aajor  contrloutlon  to  the  Reynolds 
stress  changes  fron  the  sweep  to  the 
ejection,  which  is  conolstent  with  the 
lifting  vortices.  This  model  also  provides 
an  explanation  of  the  significant  Heynolds 
stress  contrloutlon,  in  stages  three  and 
four,  due  to  outward  Interaction  events. 
These  periods  during  which  high  speed  fluid 
Is  aoving  away  from  tne  wall  are  expected 
to  occur  within  the  downstreaa  sweep 
vortex,  and  as  a  result  of  tne  sweep  vortex 
being  Induced  away  from  the  wall. 

It  Is  not  yet  clear  how  or  why  tne 
lifted  fluid  goes  rapidly  turbulent  as 
indicated  in  the  description  of  stage  five. 
Tne  signals  snow  that  altnough  the  shear 
layer  has  d  I  ssappea red ,  the  ejection 
continues  for  soae  tlae  afterwards, 
furtneraore.  It  Is  not  clear  wny  the 
slretcnlng  of  tne  sweep  vortlclty  does  not 
amplify  It  sufficiently  to  overwhela  the 
vortlclty  generated  downstreaa  of  the 
stagnation  point  flow,  and  prevent  ejection 
of  tne  lifted  sublayer  fluid,  as  was 
observed  at  me  upstream  end  of  tne  pocket 
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pdttern  .nvae  ^ufstions  require  further 
re  se a  r c  n  . 

Tne  ipaliai  scale  over  which  the 
evolution  of  tne  poCket  flow  aodule  takes 
place  can  oe  estizatcd  Dy  aultlplylng  the 
average  convection  velocity  of  the  pocket 
patterns.  b  ,  oy  tne  average  duration 

of  tne  poc»et  evolution,  t»  i  30 .  This 
results  In  1*  on  tne  order  of  kOO. 

V.  ulscusslon  and  Coaparlson 

A  review  of  tne  literature  Indicates 
tnat  aany  of  tne  :  n ve s t  1  —  ga 1 1 ons  into  the 
wall  region  structure  of  turoulence  have 
focused  on  events  tnat  appear  to  occur  as 
part  of  tne  evolution  of  tne  pocket  flow 
aodule.  ke  will  briefly  point  to  the  aajor 
CO r r e spon Je n c e 3 ,  altnojgh  to  our  knowledge 
even  amor  details  of  sost  of  the 
investigations  snow  close  correspondence. 

one  of  tne  aost  used  hot-wire 
turbulence  detection  tecnnlques  Is  the  one 
developed  by  oupta,  Kaplan  and  Laufer,^^ 

.»nd  used  by  hlacicwelder  and  Kaplan, and 
a  1 ack we  1 de r .  ' ^  aliokwelder  and 
ocaelaann,'*  and  sany  otners  to  deteralne 
wall  layer  structure.  Tne  technique 
l.nvolves  calculating  a  snort  tine  variance 
of  tne  streaawlse  velocity  fluctuations, 
averaged  over  an  interval  varying  froa  t* 

!  Id  I  nef.  M  >  to  f  S  v;0  I  Ref.  11  ).  For 
t*  Intervals  o(  tnese  durations,  the  short 
tlse  averaged  variance  strongly  reseobles 
tne  du/dt  signal,  ae  nave  found  tnat  du/dx 
1  obtained  froa  du/dt  using  a  local  Taylor 
Hypothesis  )  attai.ned  Its  largest  values  In 
tne  <;07  boundary  layer  thicknesses 
Investigated,  during  stage  four  of  the 
pocket  evolution,  ihe  only  otner  stage 
where  significant  du/di  was  found,  was 
stage  three,  where  tne  peaks  were  about  00 
per  cent  as  large.  Tne  average  wldtn  of  the 
peaks,  aeasured  at  tne  signal  axis,  during 
stage  fou",  was  t»  <  b.7.  This  suggests 
that  the  detection  tecnnlque  Is  keying  on 
tne  Sharp  snear  layer  developed  during 
stage  four.  If  a  lower  value  of  the 
detector  (unction  acceptance  criteria  Is 
used,  tne  signals  during  stage  three  would 
be  included  In  the  conditional  sasple.  The 
Interpretation  given  in  Ref.  •) ,  and  12  also 
suggests  this,  nowever,  tne  scale  of  tne 
pocxel  patterns,  and  hence  of  tne  pocket 
flow  aodule  Is  tne  order  of  50-100  wall 
layer  units,  Kalco  and  Calkins, and 
depenos  upon  Reynolds  number.  Tne 
suggestion  in  nef.  Ik,  tnat  tne  sweep  Is  of 
large  scale,  nas  cose  primarily  from  rakes 
of  hot-wires  wnlcn  eitend  to  approximately 
y*  of  100.  inls  data  shows  that  sharp 
snear  layers  extend  out  to  y*  z  0(30-50). 
Altnougn  weaker  snear  Is  sometimes  apparent 
to  the  top  of  the  rake,  our  visual 
observations  of  tne  lifting  vortlclty 
generated  oy  the  stagnation  point  flow, 
snow  that.  In  general.  It  remains  coherent 
out  to  y*  z  jO-50,  before  breaking  up  ( 
rig.  5  snows  an  example  In  which  the  vortex 
has  reached  y*  r  9>1  ).  Since  the  shear 
layer  fores  between  this  vortex  and  the  one 


In  tne  sweep,  it  Is  clear  that  phenboiena  of 
tne  scale  of  delta  are  not  directly 
Involved,  however,  there  Is  substantial 
evidence,  brown  and  Thomas, 30  Falco,3T 
and  Cnen  and  blackwelder ,  3k  that  the  large 
scale  Inflows  are  phased  with  the  phenomena 
being  discussed. 

blackwelder  and  Kaplan^^  snow  tne 
conditionally  sampled  Reynolds  stress 
pattern  that  results  froa  their  detection 
technique.  Their  results  are  shown  In  Fig. 
b.  Me  nave  Inverted  tnelr  signatures  to 
enable  more  Immediate  coaparlson  with 
Figures  2  and  k.  He  see  that  their  signal 
appears  to  be  a  composite  of  stages  three 
and  four.  It  extends  over  roughly  fR  z  20, 
nas  a  sweep  followed  by  an  ejection,  with  a 
region  of  very  low  or  negative  Reynolds 
stress  separating  them.  The  peak  averages 
of  tne  sweeps  In  three  and  the  ejections  in 
stage  four  are  similar  to  their  values. 
blacKwelder  and  xaplan-also  measured  the 
signature  1/k  delta  downstream  of  the 
position  at  which  their  detector  Indicated 
hlgn  du/dt.  They  found,  after  correcting 
for  the  different  convection  velocities  of 
individual  events,  the  picture  in  Fig.  6b. 
This  spatial  separation  corresponds  to  a 
temporal  Interval  of  t*  z  8.7,  which  is 
consistent  with  the  time  interval  between 
stages  three  and  four.  Inis  signature  looks 
like  that  of  stage  four,  thus  indicating 
the  same  development  as  we  have  discussed 
for  tne  pockets. 

Tne  pocket  flow  aodule  also  provides  a 
simple  explanation  of  the  results  of 
blackwelder  and  sckelmann'*  wnlcn  indicate 
tnat  there  Is  a  change  In  sign  of  w  and 
dw/dylw  as  the  sharp  shear  layer  goes  by. 
From  Fig.  k  we  expect  fluid  to  move  towards 
the  center  line  of  tne  pocket  over  the 
portion  which  Is  ejecting,  while  we  expect 
movement  away  from  the  center  line  within 
tne  pocket  pattern  because  tr. e  sweep  is 
observed  to  cause  a  widening  of  tne 
pattern.  Tne  narrow  wldtn  of  tne  shear 
layer  which  they  measured,  approximately  17 
z*  is  consistent  with  the  half  wldtn  of 
pockets  at  low  Reynolds  numbers  (  see  Ref. 
29  ).  Further,  the  fact  tnat  attec  the 
sweep  arrived  we  measured  velocity  gradient 
(du/dy)  magnitudes  larger  than  the  mean 
value,  is  consistent  with  the  picture 
during  stage  three  of  tne  pocket  evolution, 
which  as  we  have  noted,  would  be  detected 
oy  tnelr  tecnnlque. 

Ine  Lagrangian  observations  of  tne 
wall  region  made  oy  Corlno  and  brodkeyV 
are  also  Incorporated  in  tne  pocket  flow 
module  evolution,  by  observing  events  In 
the  wall  region  In  a  data  window  x*  z  63 
oy  y*  z  kO  oy  z*  z  kO  as  tney  convected 
at  a  constant  percentage  of  tnelr  pipe 
center  line  velocity,  they  noticed  that  the 
ejection  of  particles  wnlch  were  near  the 
wall,  resulted  from  tne  following  sequence, 
first,  a  deceleration  occurred  wltnlng  a 
local  region  near  tne  wall,  [nts  was 
followed  by  tne  entrance  Into  tnelr  field 
of  view  of  a  rilgn  speed  region  at  least  as 
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large  as  their  data  window.  This  high  speed 
region  Interacted  with  the  decelerated 
region  and  resulted  In  an  ejection  of 
fluid.  Soaetlaes  the  ejection  would  occur 
Just  as  the  accelerating  fluid  entered  the 
field  of  view,  while  at  other  tlaes,  It 
occurred  after  the  acceleration  process  had 
begun.  The  ejection  always  occurred  before 
the  entire  region  was  coapletely 
accelerated. 

Fig.  *t  gives,  of  course,  the  sequence 
of  events  an  observer  would  see  as  ha 
followed  the  flow  when  a  pocket  flow  aodule 
was  evolving.  Fluid  downstreaa  of  the 
pocket  pattern  Is  aovlng  at  the  local  aean 
velocity  during  stages  1  and  2,  and  Is 
decelerated  as  the  evolution  proceeds  froa 
stage  2  to  stage  3.  During  stage  3,  the 
sweep  moves  to  the  downstreaa  end  of  the 
pocket  pattern,  and  thus  It  would  move  Into 
the  field  of  view  of  a  data  window  located 
near  the  downstreaa  end  of  the  pocket 
pattern.  It  la  also  during  stage  three  that 
we  see  the  ejection  of  fluid  near  the 
downstreaa  end  of  the  pocket.  It  Is 
laportant  to  note  that  the  length  scale  of 
the  pocket  fits  the  Corlno  and  Brodkey 
Observations.  Thus  we  see  that  they  have 
also  keyed  upon  the  downstreaa  end  of  the 
pocket  flow  aodule  for  a  significant  nuaber 
of  their  observations.  A  discussion  of  what 
they  would  see  If  the  side  of  a  pocket 
entered  their  data  window  Is  given  In  Ref. 
ii- 

The  turbulence  structure  In  the  wall 
region  has  also  been  studied  by  Bckelasnn, 
hyenas,  Brodkey  and  Wallace. ^3  Tney 
studied  the  streaawlse  velocity 
fluctuations  to  find  a  pattern  that 
appeared  to  reoccur,  and  developed  a 
pattern  recognition  prograa  which  detected 
the  pattern  In  the  streaawlse  velocity 
fluctuations  and  proceeded  to  store  alt  of 
the  other  quantities  they  measured.  The 
pattern  consisted  of  a  gradual  deceleration 
froa  a  local  aaxlaua  followed  by  a  strong 
acceleration.  Since  this  description  fits 
the  pocket  evolution  during  stages  three 
and  four,  we  should  see  soae 

correspondence,  especially  In  the  region  of 
the  strong  acceleration.  Eckelaann  et  al 
measured  du/dy,  uv,  u  and  v,  at  y*  s  15, 
so  comparisons  can  be  aade.  Comparing  their 
uv  and  du/dy  patterns  In  the  region  of 
strong  acceleration,  with  the  pocket 
pattern  during  stage  four,  we  find  that 
botn  signatures  are  In  agreement,  even  with 
respect  to  the  phasing  of  du/dy  and  uv  and 
u.  furthermore,  the  width  of  tne  du/dy  peak 
Is  tne  same  order  as  found  In  the  pocket. 
Thus,  It  also  appears  that  Ref.  13  has 
keyed  upon  the  downstreaa  end  of  tne  pocket 
during  stages  three  and  four.  Their  results 
wnlcn  show  a  significant  broadening  and 
reduction  In  magnitude  of  the  peak  at  y*  : 
00,  reinforces  this  conclusion. 

The  pocket  flow  aodule  is  a  flow 
aodule  that  Integrates  the  sweep  and 
ejection  events,  as  well  as  the  other  two 
uv  producing  events.  We  have  shown  that  It 


Is  consistent  with  the  findings  of  Ref.  9. 
and  we  will  now  show  that  It  la  consistent 
with  the  work  of  Uffen  and  Kline,*)  who 
studied  the  relationship  between  motions  In 
the  outer  flow  and  the  bursting  process 
near  the  wall.  They  found  that  there  was  a 
close  connection  between  sweeps  found  In 
the  logarithmic  region,  and  the  bursting 
process  Indicated  by  wall  dye.  In 
particular,  a  wall-ward  moving  perturbation 
was  observed  In  nearly  every  case  Just 
prior  to  the  appearance  of  oscillatory 
motions  In  the  wall  dye.  Furthermore,  the 
oscillations  at  the  wall  are  first  seen 
downstream  of  tne  outer  disturbance.  This 
description  corresponds  to  stage  one  of  tne 
pocket  flow  module  evolution.  Abstracting 
their  results,  tney  continue...  “The 
wall-dye  disturbances  grow  slowly  and 
eventually  lift  up.  At  the  same  time  the 
hydrogen  bubbles  (  their  wire  was  normal  to 
tne  wall)  show  that  the  velocity  field 
becomes  perturbed  In  the  region  directly 
above  the  oscillating  wall  dye.  The 
disturbances  in  the  zone  generally  look 
like  patterns  one  would  expect  In  the 
presence  of  vortices,  and  these  dominate 
tne  logarithmic  region.  Focusing  attention 
closer  to  the  wall,  simultaneously  with,  or 
shortly  after,  the  appearance  of  the  wall 
dye  perturbations,  a  long,  narrow, 
hlgh-shear  zone  forms  Just  above  the  region 
of  wall-dye  movement.  Vortices  form  along 
the  apparently  unstable  shear  line".  Stage 
two  of  the  pocket  flow  module  evolution 
fits  this  description  closely.  The  incoming 
sweep  has  moved  wall  dye  to  create  the 
pocket  pattern,  and  In  stage  two,  we  see 
that  a  nigh  shear  zone  has  formed  (  note 
du/dy  )  over  the  pocket  at  y*  s  16.  In  an 
earlier  work,  Falco^3  emphasled  tne 
presence  of  transverse  vortlclty  of  the 
same  sign  as  the  mean  vortlclty  of  the 
layer  was  present  along  the  upstream 
boundary  of  the  pocket,  i.e.,  at  the  end  of 
tne  nigh  shear  zone  noted  by  Offen  and 
aline.  It  Is  necessary  to  point  out  that 
tne  nlgn  shear  zone  tney  are  referring  to 
occurs  prior  to  llft-up,  and  Is  different 
from  the  one  associated  with  stages  three 
and  four  of  the  pocket  evolution  described 
above.  Continuing  our  abstraction  of  the 
results  of  Ref.  0  ..."most  of  the  llft-ups 
of  wall  dye  were  seen  some  time  after  the 
formation  of  either  a  streamwlse  or  a 
transverse  vortex,  and  these  began  to  leave 
the  wall  where  the  vortex  came  closest  to 
the  wall.  The  sweep  generally  continued  to 
move  towards  tne  wall  after  the  low-  speed 
lluld  element  had  begun  to  lift  away  froa 
the  wall...  Tnls  description  corresponds  to 
stage  three  of  the  pocket  flow  aodule.  At 
this  point  in  the  evolution,  wall  marker 
nas  lifted  up  at  tne  upstream  end  and  along 
tne  sides  of  the  pockets.  Tne  vortex  which 
lies  along  tne  boundary  of  tne  pocket  Is, 
of  course,  streamwlse  orientated  along  the 
sides.  Uffen  and  Kline  had  an  essentially 
two-d 1  lens  1 ona 1  slice,  so  that  they  saw 
either  a  transverse  vortex  or  a  streamwlse 
vortex.  As  the  wall  layer  fluid  Is 
lifted-up,  first  at  the  back,  and  then 
progressively  around  tne  sides,  the  fluid 
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al  me  OiCK  viii,  as  1C  spirals  along  the 
pocket  vortex,  xove  oacK  towards  the  wall 
and  tnen  away  !roa  It  again.  Inis  would 
appear  as  tne  osctllatlon  wnlch  Is  seen  to 
occur  after  llft-up.  Offen  and  Kline 
continue:  "during  tne  end  of  the  burst's 
oscillatory  growtn  stage,  the  Interaction 
between  tne  Oursting  fluid  and  tne  notion 
in  tne  logarltnalc  region  causes  the 
foraatlon  of  tnotner  large  vortex-llke 
structure,  dona  fluid  froa  Doth  the  burst 
and  Its  associated  sweep,  returns  to  the 
wall,  wnen  tnls  fluid  arrives  at  the  wall. 

It  spreads  out  sideways  and  Is  quickly 
retarded  by  tne  strong  viscous  forces  near 
tne  wall.  It  Is  believed  tbet  this  event  is 
assocleted  wltn  enotner  llfl-up  process 
ftrtner  dcwnstreas*.  ae  believe  that  the 
evolution  tney  were  deacrlblng  corresponds 
to  tne  end  of  stage  three,  and  to  stage 
four  of  tne  pocxet  evolution.  During  stage 
three,  transverse  vortlclty  of  tne  opposite 
sign  tros  tnat  of  tne  aean  shear  Is 
aapllfled,  and  wa  see  the  start  of  llft-up 
of  low  spaed  fluid  at  tne  downstreaa  end  of 
tne  pocket  pattern.  Tne  a apl 1 f 1 c a 1 1  on  of 
tne  transverse  vortlclty  appears  to  be  the 
Interaction  offen  and  Kline  note  Is 
occurring  between  the  bursting  fluid  and 
tne  logarltr.aic  region,  wnlcn  they  suggest 
causes  the  foraatlon  of  a  large  vortex 
structure,  r  ur  l  r.  e  r  ao  r  e  ,  a  nigh  shear  layer 
la  foraing  at  nia  end  cf  tne  pocket 
pattern.  In  stage  fcur,  a  strong  ejection 
of  sublayer  11. id  uccurs,  wnlch  as  we  have 
suggested,  re'u.ts  frcs  the  autual 
Interaction  of  : wo  vortices.  Tnls  Is  the 
"second"  e'ectlun  1  r.at  Cffen  and  Kline 
suggest  ccdurs,  and  wnlcn  Is  the  basis  of 
tnelr  nyputnesls  of  tne  cyclic  nature  of 
tne  Ourstlr.g  prucess.  It  should  be  noted 
tnat  tney  cor. c.Jde  tnelr  description  of  the 
burstlr. g  process  by  noting  tnat  breakup  of 
tne  lifted  suDlJ/er  fluid  appears  to  be  the 
result  of  vortices  Interacting,  and  tnat 
flow  patterns  :n  tne  region  surrounding 
breakups  revea.ed  tnat  oO  per  cent  of  the 
bursts  urckc  up  itaedlately  after  an 
interaction  wit(.  another  vortical 
structure,  uuri.ng  stage  five  of  the  pocket 
fluw  sodu,e  evolution,  we  nave  observed 
breakup  as  tne  two  vortices  outually 
Interact . 

Tnus  it  apoears  tnat  the  description 
of  tne  turbulence  production  process  given 
by  Jffen  and  Kline  fits  that  found  for  the 
pocket  flow  sodule  evolution  as  a  whole, 
However,  tnelr  asuuiptlons  about  the  cyclic 
nature  of  tne  process  now  appear  to  be 
related  to  tne  llli-ups  occurring  first  at 
tne  upstrraa  end  ol  tne  pocket  pattern,  and 
later  at  tne  downstreaa  end.  Tnus,  It  aay 
be  tnat  tne  cycle  trey  suggest  has  only  two 
llft-ups  associated  wttn  It.  Tney  show  that 
sweeps  preceed  bursts  which  in  turn,  they 
Suggest,  Interact  wltn  the  log  region  flow 
to  produce  new  sweeps  further  downstreaa. 
Kllne^d  nas  noted  mat  tnls  stalenent 
appears  to  oe  anonalous,  because  tne  burst 
Is,  of  course,  low  speed  fluid.  Our 
Inforsatlon  suggests  tnat  mere  Is  one 
Sweep  associated  wltn  tne  pocket  flow 


module.  The  evolution  of  tne  probe  signals, 
as  well  as  the  visual  data  (  It  should  be 
noted  tnat  although  visual  Indications  of 
vortlclty  In  sweeps  nave  been  obtained  In 
the  boundary  layer,  the  clearest  visual 
data  relevant  to  tnls  question  has  come 
from  experiments  with  turbulent  spots  )  , 
Indicate  tnat  tne  sweep  Is  vortical,  as 
notsd  by  Offen  and  Kline,  but  that, 
furthermore.  It  has  both  forward  and 
reversed  transverse  vortices  In  It,  as  seen 
In  a  streamwlse  light  plane,  or  e  light 
plane  perpendicular  to  the  flow.  This 
strongly  suggests  that  tne  vortlclty  of  the 
sweep  Is  organized  Into  a  ring.  As  we  have 
noted,  the  evolution  of  our  hot-wire 
vortlclty  data  also  supports  this  picture. 
As  the  sweep  approaches  the  wall  at  some 
acute  angle,  one  portion  of  tnls  ring  cooes 
in  close  proximity  with  the  wall.  Is 
stretched  invlscldly,  and'causes  the  first 
llft-up.  Then  the  downstream  portion  cooes 
In  close  proximity  to  the  wall  and  causes 
the  second  llft-up,  which  results  In  the 
strong  shear  and  breakup.  Although  the 
pockets  are  found  to  be  Indlvlduel, 
Independent  flow  modules,  they  are, 
however,  are  often  found  In  groups  (  see 
Ref.  Z'i)  .  bvldence  of  tne  time  for 
formation  of  members  of  a  group  of  two  or 
three  pockets  suggests  that,  in  general, 
they  form  within  an  Interval  too  snort  for 
one  to  be  considered  tne  generator  of  tne 
other.  However,  exceptions  to  this  have 
been  observed . 

Another  Interesting  fact  about  the 
pocket  evolution,  which  has  been  previously 
Observed  during  tne  bursting  process  by 
Kim,  Kline  and  Reynolds^  and  Uffen  and 
Kline,  Is  that  tne  llft-ups  don't 
continuously  move  outward,  but  instead  tney 
oscillate.  Tne  sublayer  fluid  which  lifts 
up  at  tne  upstream  end  of  tne  pocket, 
subsequently  moves  laterally  and  towards 
tne  wall  and  tnen  away  again,  as  It  spirals 
around  tne  vortex  tnat  exists  along  the 
boundary  of  tne  pocket  pattern  (  nence  the 
"oscillation"  ).  This  motion  does  not 
produce  a  significant  uv  signal  at  y*  i  16 
1  see  stage  two  of  Fig.  A  which  shows  that 
tne  uv  Is  cue  to  tne  sweep  ).  Tnls  Is 
consistent  with  the  findings  of  Offen  and 
Kline  that  tne  breakup  periods,  not  the 
llft-ups,  corresponded  to  the  times  that 
had  most  cf  the  fluctuation  energy  (  also 
see  Kllne33  ). 

The  recent  work  of  hogenes  and 
Hanratty)'*  which  combined  arrays  of  wall 
probes  and  not-wlres  in  the  wall  region, 
support!  the  hypothesis  that  the  dominant 
flow  structure  Is  a  strongly  linked 
combination  of  Inflows  of  high  momentum 
fluid  and  outward  flowing  low  aomemtum 
fluid.  Tney  found  tnat  the  inflections  in 
tne  velocity  profile  resulted  from  boln 
inflows  proceeding  outflows  and  outflows 
preceeding  Inflows,  The  first  sequence 
would  occur  at  tne  upstream  end  of  tne 
pocket,  whereas  the  second  would  occur  at 
tne  downstream  end. 
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Ihe  results  or  tne  above  coaparlsons 
Indicate  t.iat  tne  probe  detection  technique 
of  Ref.  i'i  nas  keyed  upon  tne  stages  three 
and  four  of  the  pocket  evolution.  Corlno 
and  Brodkey  have  also  apparently  stressed 
this  phase  of  the  evolution.  Ine  visual 
data  of  Kla  et  al  ^  and  Offen  and  Kline** 
nave  described  the  entire  pocket  evolution. 
As  a  result,  the  conclusion  from  the  probe 
studies  indicate  that  high  speed  fluid  Is 
upstreaa  of  the  ejecting  fluid,  this  urns 
also  true  of  the  studies  of  Corlno  and 
brodkey  and  Eckelmann  et  al.  On  the  other 
hand,  the  study  of  Offen  and  Kline 
Indicated  that  sweeps  case  to  the  wall 
downstreaa  of  tne  llfted-up  wall  layer  dye, 
out  that  because  of  the  cyclic  nature  of 
tne  process  (  as  they  saw  It  )  the  sweep 
would  eventually  be  followed  by  a  burst.  It 
la  now  clear  that  the  tera  'ejection* 
snould  be  used  to  characterize  what  happens 
to  tne  llfted-up  wall  layer  dye  at  the  end 
of  tne  oscillatory  growth  stage,  but 
laoedlately  before  breakup.  The  teras 
"ejection*  and  "llft-up*  have  been 
Interchanged  In  tne  past. 

Finally,  we  want  to  nentlon  that  the 
oechanlsa  of  the  llft-ups  appears  to 
closely  reseable  the  one  studied  by 
uollgalskl  and  kalker.20  xney  perforaed 
calculations  of  tne  effect  of  a 
t wo-d 1  sens lonal  vortex  on  the  wall  layer 
flow  beneath  It,  when  the  vortex  was 
convectlng  parallel  to  the  wall  In  a 
laalnar  boundary  layer.  Downstreaa  of  the 
vortex,  for  certain  combinations  of  vortex 
strength,  convection  velocity,  and  boundary 
layer  profile  shape,  a  stagnation  type  flow 
pattern  existed  near  the  wall,  which 
resulted  In  creation  of  vortlclty  {  Ref. 

2o).  Tne  Influence  of  the  original  vortex 
on  this  newly  created  vortlclty,  which  Is 
of  opposite  sign.  Is  to  Induce  it  off  the 
wall,  resulting  In  llft-up.  It  appears  to 
be  the  oechanlsa  operational  around  the 
boundary  of  tne  pocket,  however.  It  falls 
to  result  In  the  ejection  of  fluid 
llfted-up  In  the  upstreaa  portion  of  a 
pocket  because  vortex  stretching  has  aade 
the  sweep  vortex  ouch  stronger,  as  noted 
above.  Uf  course,  vortex  stretching  can't 
occur  In  t wo-d laens Iona  1  flows.  The 
oechanlsa  Is  effective  at  the  downstreaa 
end  of  a  pocket,  because  stretching  of  the 
sweep  vortex  has  apparently  ceased.  Here, 
tne  vortices  autually  Induce  themselves  to 
the  log  region  before  breakup  occurs. 

Suoaary  and  Conclusions 

blault aneous  aultl-probe  hot-wire  data 
and  flow  visualization  experl.aents  have 
Shown  that  a  flow  module  exists  which  Is 
responsible  for  a  large  fraction  of  the 
Reynolds  stress  and  shear  aeasured  In  the 
wall  region.  Its  scale  Is  on  the  order  of 
100  wall  layer  units,  and  Its  period  of 
occurrence  Is  the  same  as  that  aeasured  for 
ejections  of  sublayer  fluid.  Tne  flow 
module  evolves  from  a  vortical  sweep  into 
an  ejection  whlcn  breaks  down  Into  both 
smaller  and  larger  scales,  in  t*  on  the 


order  of  jO .  The  sechanlsas  Involved 
include;  stretching  of  tne  vortlclty  In  tne 
sweep,  tne  generation  of  vortlclty  near  the 
wall  by  the  stagnation  point  flow  that  the 
sweep  creates,  autual  Interaction  of  the 
vortices  foraed  as  a  result  of  these 
processes  leading  to  ootlon  away  from  tne 
wall.  The  distinct  pocket  pattern  results 
because  the  sweep  vortex  Is  aapllfled  to 
the  extent  that  It  Induces  the  stagnation 
flow  generated  vortex  around  Itself.  This 
llft-up  of  sublayer  fluid  results  In  a  pair 
of  snort  streaks  which  appear  to  oscillate 
as  the  llfted-up  fluid  Is  returned  back 
' owards  the  wall.  When  the  front  of  the 
;.weep  reaches  the  wall,  the  sweep  vortex 
and  the  stagnation  flow  generated  vortex  Is 
Induce  each  other  out  to  the  log  region.  In 
doing  so,  a  sharp  shear  layer  is  created 
between  the  two  vor  1 1  ces  . ..  By  the  time  they 
get  out  to  y*  X  30-50,  they  breakup.  It  Is 
not  clear  why  the  stretching  of  tne  sweep's 
ring  vortex  ceases  before  its  vortlclty  Is 
diffused,  allowing  this  outward  ejection. 

Thus,  the  formation  of  streaowlse  and 
transverse  vortlclty  concentrations  of 
snort  duration.  Intermediate  scale  streaky 
structure,  the  sudden  llft-ups,  tne 
oscillations,  and  tne  breakup,  are  seen  to 
be  phased  to  tne  stages  of  evolution  of 
this  flow  module . 
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Blackwelder  and  Kaplan 
(Rg  =  2550) 

Of fen  and  Kline 
(Rg  *  820) 

Schraub  and  Kline 
(Rg  •  1000-1700) 

Ueda  and  Hinze 

(R.  •  11,450,  35,500) 
0 

Willmarth  and  Lu 
(Rg  =  4320) 

Present  Work 
(R.  «  1350) 


'10  hot-wire 

5  ejections 

10  bursts 

(dye) 

4. 5-5. 5  H2  bubbles 

4.7  hot-wire 

4  hot-wire 

5  pockets 


Table  1.  Comparison  of  average  times  between 
bursts  and  the  passage  of  pocket  flow  modules  in 
the  turbulent  boundary  layer. 


(a) 


Fig.  I.  Pockets  revealed  by  oozing  oil-fog  contam¬ 
inant  through  a  slit  in  the  wall  under  a  turbulent 
boundary  layer.  The  flow  is  from  top  to  bottom,  and 
the  slit  is  located  close  to  the  top  of  each  photo¬ 
graph.  (a)  Rg  -  738;  (b)  Rg  =2745. 


Fig.  3.  The  distribution  of  pockets  in  which  du/dy 
was  greater  than  23u/dy,  vs  the  age  of  the^pocket 
when  it  contacted  the  probe,  which  was  ay*  16. 


Flq.  6.  Conditional  averages  of  the  Reynolds  shear 
stress  at  y  *  15,  after  Blackwelder  and  Kaplan. 

Ref.  11.  (a)  Detector  function  at  sampling  position 

(b)  Sampling  probe  1/4  delta  downstream  (  4t  »  8.7) 
of  the  detector  probe.  The  earlier  peak  is  due  to 
ejections,  while  the  later  one  is  due  to  sweeps. 

Note  how  the  sweep  decays  while  the  ejection 
persists  (  see  text  for  a  discussion  of  comparison 
with  Fig.  4  ). 


STAGE  4 
12<t*<24 


STAGE  5 
20<f<30 

Fia.  4.  The  evolution  of  the  pocket  flow  module.  The  plan  view  pocket 
patterns  and  the  ensemble  averaged  signatures  of  u,  uv, 

ahd  du/dy  for  each  of  five  stages. are  shown.  In  the  vlsual^patterns, 
shading  Indicates  lifted  fluid.  The  signals,  measured  at  y  •  16,  Indi¬ 
cate  conditions  along  the  centerline  of  the  pocket.  The  visual  and 
hot-wire  data  have  the  same  abscissa,  and  the  placement  of  the  signals 
Is  phased  with  the  visual  pattern,  both  within  each  stage  ^  between 
stages.  The  ordinates  correspond  to  (<u>-  u  )/u,  (<uv>  -  uv  )/-uv, 
and  (du/dy  -  ^/dy)/(du/dy).  The  stages  are  arranged  to  show  the 
development  an  observer  would  see  if  he  moved  with  the  speed  of  the 
upstream  end  of  the  visual  pattern. 
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Fig.  5.  Simultaneous  views  of  the  buffer  layer  of  a  smoke  marked 
turbulent  boundary  layer  {  top,  plan  view  ),  and  of  a  slice  of  the 
layer  nornal  to  the  wall  above  it.  Line  A-A  of  the  accompanying  sketch 
represents  the  edge  of  the  light  plane  which  illuminates  the  side  view. 
Line  B-B  represents  the  edge  of  the  light  plane  which  illuminates  the 
plan  view.  A  pocket  which  is  in  stage  four  of  its  evolution,  can  be 
seen  in  the  plan  view  (  note  shaded  features  in  sketch  )  centered 
over  the  vertical  liglit  sheet.  In  the  side  view  we  can  see  the  ejected 
vortex  and  the  remains  of  the  Sweep  vortex  (  see  text  ). 


